The tensile properties of a 9Cr-lMo steel tube sheet forging were evaluated in the quenched and tempered (as-received) condition at different strain rates in the temperature range 300-823K. The yield strength was found to decrease gradually with increase in temperature and it was nearly constant in the temperature range 648-723K. Ultimate tensile strength showed a rapid decrease with increase in temperature beyond 723K. Serrated flow, a manifestation of dynamic strain ageing , was observed in the temperature range 523-673K. The serrations were observed in the load-elongation curve after a critical plastic strain e c and a value of 128 kJ/mol was obtained for the apparent activation energy for serrated yielding. Plateaus in yield strength were observed in the variation of flow stress with temperature. The upper end temperature of serrated flow decreased with decrease in strain rate. The variation of percentage elongation and reduction in area exhibited a broad minimum in the intermediate temperature range. The yield strength of the material was found to be higher than the International Standards Organisation (ISO) values but lower than the published values for thick section material and was attributed to coarse grain size obtained in thick section forgings.
INTRODUCTION
Alloy 9Cr-lMo steel is used extensively as a structural material at elevated temperatures in the petroleum, chemical processing and fossil fired power generating industries. It is also a favoured material for tubes/ tube sheets of the steam generators of liquid metal cooled fast breeder reactors (LMFBRs). 9Cr-lMo steel is generally used either in the normalised and tempered condition or in the quenched and tempered condition. The mechanical properties (tension, creep and fatigue)of 9Cr-lMo steel have been well established for thin sections /1-3/. However, only few studies have been reported on the thick section material (thickness >150 mm) /4/.The potential of 9Cr-lMo steel for use in thick sections has been assessed by conducting tension tests on tube plate material subjected to cooling rates encountered in thick section forgings. These studies revealed that the yield and ultimate tensile strength and ductility values were lower compared to the normalised and tempered thin section values, but the values do not fall below the lower bound 95% confidence limits for thin section material /5,6/. The decrease in strength value was attributed to its coarse grain size. However, these results obtained on simulated thick section material may not strictly represent the exact behaviour of a forged material in which transformation stresses, and microsegregation may also be expected. Moreover, variations in the heating and cooling rates between the centre and surface of the forging will lead to microstructural variations in terms of grain size, proeutectoid ferrite formation and the amount of carbides that are formed 161. Hence it becomes necessary to evaluate the mechanical properties of thick section forgings. This paper presents the results of an investigation carried out on the effect of temperature and strain rate on the tensile properties and deformation behaviour of a 9Cr-lMo steel forging.
EXPERIMENTAL
A nuclear grade tube sheet forging of 1000 mm dia and 300 mm thick was procured from M\s. Bruck Gmbh, FRG. The chemical composition of the material is shown in Table 1 . The thick section forging had been supplied in the quenched and tempered condition i.e., solution treated at 1223K for 5 hours, followed by quenching in water; tempering at 1023 Κ for 8 hours followed by air cooling. The heating time employed for both conditions was 8 h. The samples for tensile testing were taken in the through thickness direction of the forging . The tube sheet was sectioned into 12mm square pieces and then rough machined to rods of 10 mm diameter. From the rough machined rods, specimens of 4 mm gauge diameter were fabricated. Tensile tests were performed in a floor model Instron 1195 universal testing machine equipped with a three zone resistance furnace. Tests were conducted in air over the temperature range 300-823K. The temperature along the gauge length of the specimen was controlled within ±2K during the tests. The tensile tests were performed at strain rates of lxlO" 3 s" 1 · 3x10 V 1 and 3x10 V 1 . During the test, load-time plots were obtained on the standard Instron recorder, which moved synchronously with the moving cross head. As no strain gauges or extensometers were used, the specimen extension was taken as equal to the cross head movement. The machine was provided with facilities for stepped zero suppression. By employing this ,a load sensitivity upto 1 Newton was achieved.
Metallography
Optical metallographic studies have been carried out using a Reichert MeF 2 optical microscope equipped with a camera. Samples for metallographic examination were prepared using conventional metallographic techniques. The general microstructure was revealed after immersion etching in Villella's reagent (5 ml Hydro chloric acid +1 gm picric acid + 100 ml ethyl alcohol) for 15 sec. Fractography of tensile tested specimens was carried out using a Philps PSEM 501 scanning electron microscope. Figure 1 represents the microstructure in the as -received condition i.e. after quenching and tempering. In this condition, the microstructure was composed of tempered martensite and pro-eutectoid ferrite (PEF) and M 23 C 6 and Cr 2 N precipitates (identified using X-ray diffraction). The presence of M^Q and Cr 2 N in this alloy were also reported earlier /7,8/. Tempered martensite structure has been reported in the normalised and tempered 9Cr-lMo steel and after heat treatments for simulating the microstructure of thick sections /2,5,6/.
RESULTS AND DISCUSSION

Microstructure
Serrated Flow Behaviour
The load -elongation curves at room and at temperatures above 673 Κ were smooth. In 3xl0" 4 s-l At the lowest strain rate of 3x10 V 1 , type C serrations were observed at temperatures around 548 Κ [ Figure 3 ], The upper -end temperature at which serrated flow ceased to occur in the load elongation curves decreased with decrease in strain rate. In general, at any given strain rate, the magnitude of stress drop Δσ associated with the serrations was found to increase with increase in temperature . Similarly Δσ was found to increase with decrease iri applied strain rate at a constant test temperature. Serrations in the load elongation curves were observed only after a critical strain e c . The strain rate dependence of e c is shown in Figure 4 . It can be seen that e c decreased with increase in temperature where type A+B serrations were observed and an inverse dependence was observed where type C serrations were encountered.
The apparent activation energy Q for serrated yielding process was determined using the following expression /11,12/ e = A e c m+ß exp "
where A, m and ß are constants. Τ is the test temperature, e is the strain rate and R is the universal gas constant. The plot of In e vs In e c shown in Figure 4 yielded a value of m+ß as 2.1. The activation energy was estimated from the plot of In e 0 vs.l/T to low temperature regimes (T < 623 Κ ) where positive Portvein Le-chatelier effect was observed [ Figure 5 ], Serrated yielding has been reported in ferritic steels like 2.25Cr-lMo /13,14/ and in 9Cr-lMo steel /15/ over a wide range of temperatures and strain rates. This phenomenon (DSA) has been widely attributed to the interaction of solute atoms with dislocations. The apparent activation energy 128 kJ/mol obtained in the present investigation compares favourably with the diffusion of interstitial solutes (C and Ν) in body centered cubic iron (BCC) /16/. Locking of dislocations by diffusing carbon atoms has been pointed out as the source of serrations in 9Cr-lMo steel /15/.
Temperature and Strain Rate Dependence of Tensile Properties
The variation of yield strength with test temperature at different strain rates is shown in Figure 6 (a). Generally, the yield strength (YS) decreased gradually with increase in temperature upto 650K remained constant in the temperature range 650-723K and decreased rapidly beyond 723K. The variation of ultimate tensile strength (UTS) with temperature is shown in Figure 6 (b) for these strain rates. UTS decreased rapidly with increase in temperature over the range of temperature investigated. The strain rate ELONGATION/mm dependence of YS and UTS is shown in Figure 7 .UTS was lower at high strain rates upto a temperature of 673K: above 673K UTS was higher at high strain rates. The yield and ultimate tensile strength values obtained in the present investigation are comparable with those reported by Wood et al [1] and Sikka [17] , Barker et al [3] have observed a gradual decrease in the yield and ultimate tensile strength values upto 673Κ followed by a rapid decrease in the temperature range 673-873K. In a large number of materials, the plateau observed in the variation of yield strength with temperature has been attributed to dynamic strain ageing (DSA) /18/. The manifestations of DSA are i) a plateau in the variation of flow stress with temperature ii) negative strain rate sensitivity of flow stress iii) a minimum in ductility in the DSA temperature range and iv) a peak in the value of work hardening rate with temperature. Reed Hill /18/has explained the various aspects of DSA based on Mccormick's /19/ model. Correlation between DSA, work hardening peaks/plateaus negative strain rate sensitivity of flow stress and ductlity minimum in several alloys have been reported /20-22/. reduction in area at different strain rates. A minimum in total elongation and reduction in area was observed in the temperature range 573-698K at all the strain rates employed. Barker et al [3] have observed a ductility minimum (as measured by percentage elongation and reduction in area) at 773K from the tensile tests carried out on 9Cr-lMo steel in the normalised and tempered condition. Above 773K, both these parameters showed a rapid increase in value upto 873 K. A minimum in ductility at intermediate Various reasons have been attributed to the sharp fall in ultimate tensile strength of this material including i) softening due to dynamic coarsening of carbides during testing at elevated temperatures ii) softening due to the operation of dynamic recovery process and iii) onset of microcracking along the interfaces of carbides and martensite lath boundaries or along the grain boundaries. In the short time involved in tensile testing it is unlikely to expect the dynamic coarsening of carbides, even at higher temperature employed in this study. Scanning electron microscopic studies could not reveal intergranular cracking or mixed mode of fracture in the tests conducted at elevated temperatures. Therefore, the poor strength at elevated temperatures can be attributed only to dynamic recovery processes that are likely to take place at higher temperatures.
The yield strength value of the material obtained for the strain rate of lxl O'V has been compared with the published data on simulated thick sections as well as the data on normalised and tempered thin section material [ Figure 11 ]. Yield strength of the tube sheet forging was much lower when compared with the data reported on rolled bar material that has been normalised and tempered and also slightly lower than the simulated thick section data. However the data obtained on forged thick section material satisfied design limit of yield strength at all the temperatures. The lower strength of forging may arise due to i) presence of proeutectoid ferrite and ii) coarse grain size. The grain size of Comparison of 0.2% yield strength values of 9Cr-IMo steel forging with normalised and tempered thin section values intended to simulate thick sections. the material investigated in the present study is estimated to be about ~ 100 microns. Orr and Sanderson 161 have suggested that small amounts of proeutectoid ferrite may appear on the slow cooling of the alloy from the solution annealing temperature that has been intended to simulate thick sections. In a study conducted by Sanderson and Jacques 151 to simulate thick sections, no siginificant difference in strength values was noticed between the two heating/cooling rates of 100 and 50 Kh"
1 . This observation rules out the effect of ferrite phase on strength properties when present in smaller quantity. Therefore the reduction in strength of the forgings could be attributed to its coarse grain size( ~ 100 microns) compared to the grain size of 20-30 microns in hot rolled thin section material austenitised in the temperature range 1223-1273K131. The lower strength values of thick section forging may not be of serious concern as these values are still higher than the ISO values 1261.
CONCLUSIONS
1. Yield strength of 9Cr-lMo steel decreased with increase in temperature and it was nearly constant in the range 650-723K. Ultimate tensile strength showed a gradual decrease with increase in temperature upto 723K. Beyond 723K a sharp decrease was observed. At temperatures of 723Κ and above a decrease in strength with increase in temperature was observed indicating a dynamic recovery. 2. A ductility minimum (as represented by total elongation and reduction in area) was observed in the range 573-673K at all strain rates. 3. A peak in average work hardening rate was observed at all the strain rates . The peak in average work hardening rate is attributed to dynamic strain ageing. 4. This alloy exhibited serrated flow in the temperature range 523-673K. The upper-end temperature range for the occurence of serrated yielding showed a decrease with decrease in strain rate. Type A+B and type C serrations were observed during plastic deformation of 9Cr-lMo steel.
5. The serrations were observed in the load -elongation curves after a critical strain e c . The value of critical strain decreased with increase in temperature upto 573 Κ and increased beyond 573 K. An apparent activation energy of 128 kJ/mol was obtained .This value of activation energy suggests that the diffusion of interstitial solutes such as carbon may be responsible for serrated flow. 6. The fracture mode of 9Cr-lMo steel was transgranular and it was independent of strain rate and temperature. 7. The strength of the tube sheet forging was consistently lower than the strength reported earlier for thin section bar material that was heat treated to simulate the microstructures of thick sections. However, the strength values were still higher than the minimum values proposed in ISO specification for thin section 9Cr-lMo steel. The low strength values of tube plate forging have been mainly attributed to its coarse grain size.
